We report on heteroepitaxial growth of nearly monodisperse PbS nanocrystals onto the surface of TiO 2 nanoparticles via colloidal hot-injection routes. Fabricated PbS/TiO 2 nanocomposites can be dispersed in nonpolar solvents, which enables an easy solution processing of these materials into mesoporous films for use as light-absorbing layers in nanocrystal-sensitized solar cells. High-temperature deposition of the sensitizer material allows controlling both the size and the number of PbS domains grown onto TiO 2 nanoparticles, whereby providing synthetic means for tuning the absorbance spectrum of PbS/TiO 2 nanocomposites and simultaneously enhancing their photocatalytic response in the visible and near-infrared. Compared with conventional ionic bath deposition of PbS semiconductors onto TiO 2 , the reported method results in an improved nanocrystal quality and narrower distribution of PbS sizes; meanwhile, the use of hot-temperature deposition of PbS (T ) 180°C) promotes the formation of near-epitaxial relationships between PbS and TiO 2 domains, leading to fewer interfacial defects. The photovoltaic response of pyridine-treated PbS/TiO 2 nanocomposites was investigated using a two-electrode cell filled with polysulfide electrolyte. The measured photocurrent compared favorably to that of PbS/TiO 2 electrodes fabricated via chemical bath deposition.
Introduction
Semiconductor nanocrystals (NCs) represent a promising class of nanomaterials for the development of new-generation solar cells because of the superior optoelectronic properties of inorganic semiconductors and the stability of as-prepared nanocrystals in colloidal suspensions, which allows for inexpensive, solution-based device fabrication. The demonstrated potential of these materials for the enhanced absorption of solar light and efficient charge separation has given rise to several photovoltaic architectures, including hybrid bulk heterojunction, [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] all-inorganic, [16] [17] [18] [19] [20] [21] [22] [23] and nanocrystal-sensitized [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] solar cells. For instance, spin-coated films of semiconductor NCs can be introduced as light-absorbing layers and simultaneously as n-type components in nanocrystal/polymer bulk heterojunction solar cells, or, alternatively, incorporated into an allinorganic bilayer design comprising a heterojunction of n-and p-type NC films. The benefits of using semiconductor NCs in mesoscopic solar cells are readily apparent through a superior thermal stability of these devices and improved solar extinction coefficients; nevertheless, the present day conversion efficiencies of NC-based cells remain relatively low, which has been attributed to the inefficient intraparticle conductance of photogenerated charges through a 3D matrix of organic-coated nanocrystals. [41] [42] [43] [44] [45] [46] The problem of poor carrier collection in NC-based solar cells can be avoided if colloidal NCs are excluded from the process of carrier transport and participate primarily as inorganic lightabsorbing elements. This type of light-harvesting mechanism has been successfully implemented in the past through a dyesensitized solar cell design, 47 where semiconductor NCs were employed as light sensitizers in lieu of organic dyes. 36 The transport of photogenerated electrons toward a working electrode, in this case, is mediated via mesoporous TiO 2 , whereas photoinduced holes are regenerated by means of a liquid [48] [49] [50] or solid 40, 51 electrolyte. From the long-term prospective, the attempted replacement of organic sensitizers with inorganic semiconductor NCs in dye-sensitized solar cells constitutes a natural step toward increasing the intake of solar energy and improving the system's long-term stability against photodegradation but may require further development of the donoracceptor architecture, as highlighted by a number of recent investigations. [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] 52 At present, there are two main schemes for the deposition of NC sensitizers onto the surface of TiO 2 , which include (i) introducing organic linker-molecules that bridge colloidal NCs with TiO 2 and (ii) growing NCs directly onto the oxide surface via chemical bath deposition (CBD) or successive ionic layer adsorption and reaction (SILAR) process. 53 The former approach has been successfully employed to couple CdS, 54 CdSe, 31, 55, 56 InAs, 35 PbSe, 57 and PbS 58 NCs onto TiO 2 via 3-mercaptopropionic acid (MPA) or through a nonepitaxial contact to organic ligands and, thus far, has yielded up to 1.7% 35 of power conversion efficiency (PCE). The main drawback of this method is considered to be the presence of organic spacers between nanocrystal and oxide domains, which augment the tunneling barrier between excited states of a sensitizer and the conduction band of TiO 2 , causing a decrease in electron transfer probability. In addition, a number of experimental works have demonstrated that organic linkers can also serve as carrier traps, which further reduce the electron transfer rate. These drawbacks, associated mainly with the presence of organic linkers in the NC-TiO 2 assembly, are successfully avoided in the second deposition method, where NCs are grown directly on TiO 2 via CBD, 26, 27, 36, 37, 39, 59, 60 leading to all-inorganic NC/TiO 2 heterostructures. Indeed, recent studies have shown that CBD-grown NC/oxides films show an improved carrier injection and superior PCE and incident photon to current efficiency (IPCE) values. 61 The quality and the size distribution of CBD-grown NC sensitizers, however, remain inferior to those synthesized through colloidal techniques. 62 Furthermore, the aqueous route to growing of NC sensitizers through CBD approach is often ineffective with air-sensitive semiconductors, such as PbSe or PbS, as revealed by an overall low crystallinity of these materials. 36 Here we demonstrate a facile method for developing PbSsensitized TiO 2 films, which combines the benefits of the hotinjection colloidal route to the synthesis of monodisperse PbS NC sensitizers, with the advantages of linker-free, all-inorganic, PbS/TiO 2 heterojunction. In the present approach, the processes of sensitizer deposition and sintering of the film are performed in the reverse chronological order, which allows for a hightemperature growth of the PbS sensitizer directly onto the surface of TiO 2 , followed by a solution-phase deposition of PbSmodified TiO 2 nanoparticles (NPs) onto a conductive substrate. The resulting PbS/TiO 2 films are then subjected to hightemperature annealing to remove residual surface ligands, whereby yielding an all-inorganic absorbing layer. In light of the renewed interest in NC-sensitized solar cells, which revival is fueled by the ongoing research and discovery of noncorrosive, 40, 63, 64 and longer-lasting 50 hole-scavenging materials, the PbS/TiO 2 heterostructured films reported here could potentially lead to high-efficiency NC-sensitized solar cells.
Recently, colloidal growth of heteroepitaxial semiconductor/ TiO 2 composites via hot-injection routes has been demonstrated by several groups. 65, 66 Acharya et al. 66 has reported the synthesis of PbSe/TiO 2 nanostructures, comprising near-epitaxial assemblies of PbSe NCs and TiO 2 nanorods (NRs), where the average size of NC sensitizer could be tuned from 2 to 5 nm. Unfortunately, a relatively low position of the conduction band edge in PbSe NCs prevented the desirable combination of a narrow-band gap PbSe sensitizer and proper alignment of PbSe and TiO 2 excited state levels needed for an efficient electron transfer. In contrast with PbSe/TiO 2 heterostructures, the PbS/ TiO 2 combination of materials, explored in this work, supports the PbS-to-TiO 2 electron transfer even for large diameter PbS NCs 58 (d ≈ 7 nm), which allows obtaining a near-optimum range of band gap energies for the solar energy conversion (pω ≈ 1.0 to 1.4 eV). Here we demonstrate a controlled tuning of PbS domain sizes in the 2-20 nm range with an average dispersion of PbS diameters between 9 and 14%. Owing to a sequential two-step approach to the synthesis of TiO 2 /PbS NCs, the size and the shape of TiO 2 domains can be tuned as well, which provides an additional avenue for optimizing the transport of photoinduced carriers through an array of TiO 2 /PbS NPs.
Following the purification step, colloidal suspensions of synthesized PbS/TiO 2 NCs were used to fabricate ethanol-based pastes for the development of thin films on top of a conductive transparent electrode. After annealing, these films were incorporated into a standard two-electrode cell filled with polysulfide electrolyte for electrochemical characterization. The measured photoaction spectra compared favorably to those of PbS/TiO 2 films fabricated via conventional CBD route. were mixed in a three-necked flask and degassed using mechanical vacuum pump at 120°C for 30 min. 67 The mixture was subsequently switched to argon, and 0.05 mL (0.45 mmol) of TiCl 4 was injected into the flask at 40°C. The reaction mixture was then heated to 300°C and kept at that temperature for 30 min. For the growth of 3 to 4 nm PbS NCs, the temperature of the reaction mixture was lowered to 180°C, and the full amount of both precursors Pb (at T ) 180°C) and S (at room temperature) was simultaneously injected under vigorous stirring. The initial 40-50°C drop in the temperature of the solution recovered to 180°C within 2 min, whereas the solution color turned dark almost immediately after injection. We stopped the reaction after 2 min by removing the flask from the heating mantle, at which point 6 mL of degassed toluene was added. Cleaning of NPs was performed by a repetitive precipitation in ethanol and a subsequent redissolution in toluene. For the last cleaning cycle, the precipitation was done using a mixture of ethanol and toluene (1:8 by volume) to remove any isolated nanocrystals in the mixture.
Experimental

PbS/TiO 2 (Nanocomposite) and PbS/TiO 2 (P25-CBD) Working Electrode Preparation.
Prior to the development of nanocomposite films, the bulky ligands on PbS/TiO 2 heterostructures were exchanged with shorter pyridine molecules. For this purpose, PbS/TiO 2 colloids were precipitated with ethanol, redispersed in 8 mL of pyridine, and stirred at 60°C overnight (15 h). Pyridine-coated PbS/TiO 2 nanocomposites were subsequently precipitated, mixed with a few drops of ethanol, and sonicated for 50 min to a get homogeneous paste. A thin film was then spread onto ITO/glass substrate using a doctor blade method over the area of ∼60 mm 2 . (See the insert in Figure  7b .) The sintering was performed on a hot plate under argon flow. To fabricate a working electrode using a CBD method, 1.75 g of TiO 2 NPs (Degussa, P25) was mixed with 7.5 mL ethanol and sonicated for 40 min. Subsequently, 0.25 mL of titanium tetraisopropoxide was added, and the mixture was sonicated further to form a homogeneous paste. After the deposition of TiO 2 (P25) film onto ITO covered glass, it was sintered at 450°C for 30 min to allow good electronic conduction. 68 In situ deposition of PbS on TiO 2 was carried out in the chemical bath of the precursor material through a SILAR process. 69 For this purpose, TiO 2 working electrode film was immersed in 0.02 M methanol solution of Pb(NO 3 ) 2 for 1 min, rinsed with methanol, followed by immersing in 0.02 M methanol Na 2 S solution for 1 min, and rinsed again with methanol, making one complete deposition cycle. This process was repeated six times and was monitored by recording absorbance spectra at each step. (See Figure SF5 of the Supporting Information.) 2.5. Assembly of PbS/TiO 2 Solar Cells and Photocurrent Measurements. Polysulfide electrolyte was made by combining 0.5 M Na 2 S, 1.5 M sulfur, and 0.2 M KCl in methanol and water (7:3). 70 We prepared platinized ITO counter electrode by spreading few drops of 5 mM chloroplatinic acid in 2-propanol on the glass, followed by heating to 400°C for 1 h. A parafilm spacer with a central opening was put on the top of the film and filled with a few drops of electrolyte. The assembly of the cell was completed by capping the device with a platinized ITO/ glass counter electrode. Photocurrent (PC) spectra were measured using a lock-in amplifier (SR830). The device was illuminated through the working electrode side using a xenon lamp, output of which was dispersed in a monochromator and chopped with a frequency of 15 Hz. (For the dependence of the measured PC on the chopper frequency, see Figure SF6 of the Supporting Information.) The excitation area was ∼4 mm 2 with excitation power of ∼0.25 µW/mm 2 (at λ ) 420 nm). 2.6. Characterization. UV-vis absorption and photoluminescence spectra were recorded using CARY 50 scan spectrophotometer, Simadzu UV-3600 UV-vis-NIR spectrophotometer, and Jobin Yvon Fluorolog FL3-11 fluorescence spectrophotometer. High-resolution transmission electron microscopy (TEM) measurements were carried out using a JEOL 3011UHR apparatus, operated at 300 kV. High angular annular dark field scanning TEM was performed using JEOL 2010 transmission electron microscope. Specimens were prepared by depositing a drop of nanocrystal toluene solution onto a carbon-coated copper grid and letting it dry in air. X-ray powder diffraction (XRD) measurements were carried out on a Scintag XDS-2000 X-ray powder diffractometer. Scanning electron micrograph was taken using a Inspect F scanning electron microscope (SEM), and energy dispersive X-ray (EDX) emission spectra were measured using an EDAX X-ray detector located inside the SEM. The electron beam was accelerated at 10 kV.
2.7. Fluorescence Lifetime Measurements. FL lifetime measurements were performed using a time-correlated singlephoton counting setup utilizing SPC-630 single-photon counting PCI card (Becker & Hickle GmbH), picosecond diode laser operating at 400 nm, as an excitation source (Picoquant), and id50 avalanche photodiode (Quantique). The repetition rate of the laser was chosen to allow for a 1000 ns time window, whereas the pulse fluence was adjusted to produce about 1 emission photon per 100 excitation pulses (excitation power was 70 µW).
Results and Discussion
The shape of the composite nano-object forming as a result of solution-phase coupling of the two structurally dissimilar materials is determined by the interplay between the total surface energy of the composite structure and the solid-solid interfacial energy, which is related to the mismatch-induced strain between the two merging lattices. If the interfacial strain is low, then the two materials can be joined epitaxially over large surface areas, using, for instance, standard methods of chemical and physical vapor deposition. In the case when the interfacial strain exceeds the surface tension of both domains, the uniform and continuous growth of material layers is no longer possible.
Instead, the composite structure undergoes a spatial rearrangement that eliminates some of the interfacial region by increasing the overall surface area.
71 Such growth mechanism has been previously observed for PbS/TiO 2 heterostructures, fabricated via CBD route, where the formation of island-like PbS domains was apparent. 40 Because of the lack of synthetic means for controlling the surface tension of growing PbS NCs within the CBD approach, it was generally impossible to achieve a narrow distribution of PbS diameters.
A colloidal, nonaqueous approach to the synthesis of heterostructured materials provides an additional degree of freedom for controlling the shape of composite NPs, associated with the presence of surface-passivating ligands that modulate the surface tension of growing crystallites. By optimizing the type and the concentration of ligand molecules in the growth solution, it is often possible to accommodate the misfit-induced interfacial strain between the two semiconductor materials and to coerce the narrow size distribution of growing domains. Here we explore the effect of various ligand combinations as well as their concentrations on the overall shape of PbS/TiO 2 heterostructures, specifically targeting those synthetic conditions that lead to the narrow distribution of PbS diameters. In a typical procedure, the PbS deposition step is performed using a combination of OA and OLAM ligands dispersed in ODE. (See the Experimental Section.) By employing a binary mixture of stabilizing ligands (OA and OLAM), we were able to control independently the strength and the concentration of surface molecules on PbS NCs. Here we explored the effect of surface passivation on the shape of PbS NCs by conducting a series of experiments utilizing different concentrations of OA and OLAM surfactants. We achieved further tuning of the PbS NP shape by optimizing the concentrations of Pb and S precursors in the growth solution containing a fixed amount of TiO 2 NPs. Figure 1 shows typical TEM images of PbS/TiO 2 heterostructures fabricated under various synthetic conditions. A careful analysis of PbS/TiO 2 shapes reveals that the formation of small-and large-diameter PbS NCs on the surface of TiO 2 occurs via two independent mechanisms. For instance, smallersize PbS "islands" ranging from 2 to 4 nm in diameter (see Figure SF1 of the Supporting Information for the statistical distributions of sizes) tend to be symmetrically distributed throughout the surface of NRs. Such uniform coverage of PbS NCs on TiO 2 can be explained in terms of fundamental energy requirements on the deposition of the secondary material in heteroepitaxial growth. Namely, the spatially isotropic addition of PbS monomers onto TiO 2 NRs initially results in the formation of a thin PbS shell, which can be identified in structures sampled at intermediate steps (see Figure SF2a of the Supporting Information) through a combination of TEM and energy dispersive X-ray (EDX) analyses. A subsequent lateral expansion of this shell causes a mismatch-induced increase in the interfacial energy and, therefore, promotes the collapse of the PbS layer into segregated islands.
Whereas the coalescence of the PbS shell into evenly distributed dot-shaped domains seems to be consistent with the structural appearance of small-diameter PbS on TiO 2 (see, for example, Figure 1a ,d), this process cannot explain the formation of large-diameter PbS NCs that tend to grow only at specific locations along the TiO 2 surface. Strong evidence supporting the independent growth mechanism in this case is provided by the fact that the formation of large-diameter PbS NCs can occur simultaneously with smaller PbS NCs, as seen in high-resolution TEM ( Figure SF2c of the Supporting Information) and high angular annular dark-field scanning transmission electron mi-croscopy (HAADF-STEM) images of mixed heterostructures, and the fact that in contrast with small-diameter PbS, the growth rate of larger PbS NCs is strongly correlated with the concentration of Pb and S precursor in the solution. On the basis of these observations, we conclude that larger PbS NCs form at locations of lower interfacial stress, which would allow for near-epitaxial relationships at the PbS/TiO 2 boundary and the ensuing lowenergy expansion of the PbS lattice. These locations are likely to contain irregularities of the TiO 2 lattice that promote a preferential merging of 001 and 100 faces of anatase TiO 2 and rock-salt PbS crystal lattices ( Figure SF2d of the Supporting Information), which otherwise correspond to a substantial 6.9% lattice mismatch.
Suppression or enhancement of a specific PbS deposition mode, described above, can be achieved by varying the concentration of oleic acid in the growth solution. Typically, the formation of large diameter PbS NCs is favored when the molar ratio of OA (used for the dissolution of Pb precursor) to ODE is <0.2 and the ratio of PbO to ODE is at least 0.25. Lowering the concentration of OA for a fixed amount of PbO below OA/ODE ) 0.2 leads to a significant drop in the actual concentration of OA in the solution due to the formation of Pb-oleate complexes, which results in the growth of large PbS structures that tend to encase TiO 2 NPs within their volume. (See Figure SF3 of the Supporting Information.) A similar structural type of PbS/TiO 2 nanocomposites can also be formed when the amount of PbO is increased with respect to OA (molar ratio of PbO/OA > 1.5), which depletes the amount of desorbed OA molecules in the solution. If the concentration of OA is high (OA/ODE >0.2), then the growth of large-diameter PbS domains is suppressed, and the formation of small, uniformly distributed PbS domains becomes dominant (Figure 1a) .
A ligand-induced control over the shape of growing nanocrystals can also be applied to oxide domains of PbS/TiO 2 Further structural analysis of PbS/TiO 2 nanocomposites comprising 4.2 nm diameter PbS NCs was performed using a combination of XRD and EDX techniques (Figure 3 ). For this purpose, the samples were repeatedly washed to remove any unreacted precursors and finally precipitated in the form of NC powder. A typical EDX spectrum in Figure 3a confirms the presence of Pb, Ti, S, and O elements in grown nanocomposites, whereas XRD measurements (Figure 3b ) indicate the existence of both PbS (rock-salt) and TiO 2 (anatase) crystal structures.
It is expected that optoelectronic properties of PbS/TiO 2 heterostructures are strongly dependent on the average size of the PbS domain. According to the excited-state energy diagram 72, 73 in Figure 4 , a photoinduced electron transfer across PbS/TiO 2 interface is energetically allowed only when the diameter of PbS NCs is <7 nm. In this case, the staggered alignment of conduction and valence band edges at the PbS/TiO 2 interface creates positive exothermicity that drives the electron transfer reaction. Conversely, for PbS NPs with diameters >7 nm, the PbS/TiO 2 heterostructure exhibits type I alignment of band edges, in which case both excited carriers remain within the PbS material.
The size-dependent alignment of energy levels in PbS/TiO 2 nanocomposites is reflected in optical properties of these colloids. For instance, the absorption profile of PbS/TiO 2 NPs comprising small diameter (d ) 2.3 nm) PbS NCs is characteristic of type II heterostructures with nonzero photon absorption in the spectral range below the band gap of both PbS (edge at 600 nm) and TiO 2 materials. This infrared component arises because of excitations of intermediate states that exist at the junction of the two domains 74 as well as spatial delocalization of carrier wave functions over quasi-epitaxial heterostructures and is beneficial for photovoltaic applications of these nanocomposites because it red shifts the absorption range of PbS/ TiO 2 by several hundreds of nanometers. In addition to the infrared tail, the absorption profile in Figure 5b shows a small excitonic peak near 600 nm; its spectral position agrees well with the expected band gap absorption in 2.3 nm PbS NCs. This feature is absent in the spectrum of mixed PbS/TiO 2 heterostructures (green curve) possibly due to the overlapping absorption of large-diameter PbS NCs. Likewise, there is no clear indication of band edge transitions in PbS/TiO 2 NPs, comprising only large-diameter PbS NCs (d ) 4.2 nm). The absence of the excitonic peak in the latter case cannot be attributed to the sample inhomogeneity alone because the size dispersion of PbS NCs in these heterostructures is only 12% and is likely to arise from excitations of intermediate states that exist at the interface of PbS and TiO 2 domains.
PbS/TiO 2 heterostructures comprising small-diameter PbS NCs showed very weak or no fluorescence in the energy range corresponding to 1S(e)-1S(h) carrier recombination, whereas NPs containing larger PbS domains (d > 4) generally produced somewhat stronger emission in the near-infrared (λ ) 800-1200 nm). This result is consistent with the prediction that smalldiameter PbS are more likely to inject excited carriers into TiO 2 , leaving only a small fraction of excited population to decay via radiative channels. An example of a typical emission spectrum corresponding to 4.2 nm PbS-modified TiO 2 NPs is shown in Figure 5c . A good agreement between the size of PbS NCs and the spectral position of the FL peak provides strong support to the hypothesis that the origin of the emission is the band edge recombination of carriers in PbS NCs and not the decay of surface or interfacial trap states. The corresponding values of the fluorescence lifetime, measured using timecorrelated single-photon counting technique (TCSPC), were found to be in the range of 2 to 5 ns, which is substantially shorter than 1 to 1.8 µs reported 75 for isolated PbS NCs. This 500-fold decrease in the lifetime of TiO 2 -bound PbS NCs is attributed to the transfer of photoinduced electrons from the conduction edge of PbS NCs into excited states of TiO 2 NRs.
For a conventional design of NC-sensitized solar cells, charge collection mechanism relies on the common acceptor domain, often a mesoporous film of TiO 2 , to harvest photoinduced carriers from multiple sensitizers. In these cells, photoinduced charge separation is followed by the injection of negative carriers into the oxide film, which serves as a low-resistance pathway for carrier migration toward a working electrode. In the case of PbS/TiO 2 nanocomposites, fabricated in this work, a flow of carriers toward a working electrode is obstructed by the presence of organic ligands, which passivate the surface of individual TiO 2 NRs. To enable carrier conductivity through the PbS/TiO 2 matrix, isolated NR domains should be coupled together via epitaxial relationships to form a common conduction path for carrier migration. Such coupling of TiO 2 domains has been extensively researched for aqueous TiO 2 NPs, where merging is typically achieved by annealing of spincoated or "doctorbladed" films at 400-450°C. In the case of organically passivated TiO 2 NRs, however, a high-temperature annealing step may result in the adverse contamination of TiO 2 NRs and PbS NCs with carbon-based residues, potentially leading to a high density of lattice defects. To minimize the effect of such contamination, long-chain ligands (OA and OLAM) on PbS/ TiO 2 colloids were replaced with shorter and more volatile pyridine molecules prior to annealing of the film.
The ligand exchange in PbS/TiO 2 nanocomposites was performed according to a previously reported procedure 76 by stirring the colloids with pyridine. An apparent reduction in the solution opacity indicated a successful replacement of bulky ligands, at which point the mixture was centrifuged and the precipitate was discarded. After any excessive solvent from the suspension was removed, a small fragment of the residual pastelike precipitate was taken for further examination in TEM. Figure 6 shows typical low-magnification images of pyridinecoated PbS/TiO 2 heterostructures, which, upon solvent evaporation, tend to aggregate into micrometer-size "nets". An apparent decrease in the volume of empty spaces between NPs was consistent with the presence of shorter pyridine ligands on nanocrystal surfaces.
To prepare a working electrode, a thin layer of PbS/TiO 2 nanocomposites was deposited onto an indium-tin-oxide (ITO) covered glass using a doctor-blade technique and subsequently annealed at 270°C. We found that without further improvement of developed NP pastes, a good film quality and satisfactory adhesion to the substrate could be achieved only for the case of thin PbS/TiO 2 films (A ) 0.25 at λ)500 nm; see Figure SF4 of the Supporting Information), whereas thicker films tended to corrugate (Figure 6d ) and partially peel off the substrate after the annealing step. Upon deposition of the film, the ITO electrode was incorporated into a prototype cell comprising a platinum-coated counter electrode and a liquid electrolyte for PC measurements. The illumination of the cell was done through the working electrode side of the device.
Regeneration of holes in PbS sensitizes poses several experimental challenges associated with the rapid corrosion of nanocrystals and irreversible character of electrolytes. Whereas recent studies by M. Grätzel and M. K. Nazeeruddin have identified a few promising redox couples based on solid spiroOMeTAD [2,20,7,70,- PbS/TiO 2 films fabricated in this work was tested using an available but somewhat corrosive polysulfide redox couple (see the Experimental Section), which tends to oxidize PbS NCs. Therefore, as an alternative to measuring absolute efficiencies, the evaluation of the cell performance was done by comparing the PC of PbS/TiO 2 nanocomposite-based cells with that of photochemical cells prepared via CBD from nanocrystalline TiO 2 (Degussa P-25). All measurements were conducted immediately upon cell fabrication to avoid material degradation due to electrolyte exposure. Preparation of PbS-modified TiO 2 electrode through a six-cycle CBD process for comparative studies was done according to ref 69 and is described in the Experimental Section and Supporting Information. Figure 7a compares the PC spectra of the two cells fabricated from the reported PbS/TiO 2 nanocomposite films (red curve) and TiO 2 NP films (P25, Degussa) with CBD-grown PbS NCs (blue curve). The signal from pure TiO 2 is also shown for comparison. According to Figure 7a , PCs of both cells span the entire visible spectrum and have similar magnitudes throughout the illumination range. Several additional tests performed on other cell pairs confirmed the proximity of the PC values between the two types of devices, implying similar conversion efficiencies. Owing to the fact that the deposition of reported PbS/TiO 2 nanocomposite paste was not optimized and the film itself absorbed <45% of incident light at λ ) 500% (in contrast with P25 TiO 2 films that absorb >95%), the observed PC response was found to be encouraging. Furthermore, it should be noted that the highest value of PC from nanocomposite films was achieved using a relatively low annealing temperature (270°C), as shown in Figure 7b , which is 180°b elow the annealing temperature required to sinter P25 TiO 2 NP films.
In conclusion, we demonstrated a colloidal synthesis of PbS/ TiO 2 nanocomposites comprising near-epitaxial assemblies of PbS NCs and TiO 2 NRs that can be deployed for the development of solution-processed photovoltaic devices. The size of PbS domains can be tuned from 2 to 20 nm using standard methods of colloidal synthesis, which provides experimental means for optimizing the rates of carrier injection into oxide domains. We found that nanocomposite films comprising 5 nm PbS NCs and annealed at 270°C enable the highest value of the PC, whereas the photoresponse of films containing largediameter PbS NCs (d > 10 nm) is essentially zero. Lightharvesting characteristics of PbS/TiO 2 nanocomposites are explored using an alternative architecture of NC-sensitized solar cells, which provides a facile method to combine high-quality colloidal nanocrystals with an all-inorganic donor-acceptor interface. In light of the renewed interest in NC-sensitized solar cells driven by ongoing research and discovery of noncorrosive and longer-lasting hole scavenging materials, the demonstrated heteroepitaxial PbS/TiO 2 films could potentially pave the way for the development of high-performance light-harvesting devices. 
